Breadnut peel as a highly effective low-cost biosorbent for methylene blue: Equilibrium, thermodynamic and kinetic studies  by Lim, Linda B.L. et al.
Arabian Journal of Chemistry (2014) xxx, xxx–xxxKing Saud University
Arabian Journal of Chemistry
www.ksu.edu.sa
www.sciencedirect.comORIGINAL ARTICLEBreadnut peel as a highly eﬀective low-cost biosorbent
for methylene blue: Equilibrium, thermodynamic and
kinetic studiesLinda B.L. Lim a,*, Namal Priyantha b, D.T.B. Tennakoon a, Hei Ing Chieng a,
Muhammad Khairud Dahri a, Montri Suklueng ca Department of Chemistry, Faculty of Science, Universiti Brunei Darussalam, Jalan Tungku Link, Gadong, Brunei Darussalam
b Department of Chemistry, Faculty of Science, University of Peradeniya, Peradeniya, Sri Lanka
c Energy Research Group, Universiti Brunei Darussalam, Jalan Tungku Link, Gadong, Brunei DarussalamReceived 4 February 2013; accepted 22 December 2013*
E
Pe
18
ht
P
thKEYWORDS
Breadnut peel;
Methylene blue;
Thermodynamics;
Kinetics;
Adsorption isotherms;
Low-cost biosorbentCorresponding author. Tel.
-mail address: linda.lim@ub
er review under responsibilit
Production an
78-5352 ª 2013 King Saud U
tp://dx.doi.org/10.1016/j.arab
lease cite this article in press
ermodynamic and kinetic s: +673 8
d.edu.bn
y of King
d hostin
niversity
jc.2013.1
as: Lim,
tudies. AAbstract This work reports the potential use of peel of breadnut, Artocarpus camansi, as an effec-
tive low-cost biosorbent for the removal of methylene blue (MB). Oven dried A. camansi peel
(ACP), which had a point of zero charge at pH = 4.8, showed maximum biosorption capacity
which was far superior to most literature reported fruit biomasses, including samples that have been
activated. Isotherm studies on biosorption of MB onto ACP gave a maximum biosorption capacity
of 409 mg g1. The Langmuir model was found to give the best ﬁt among various isotherm models
investigated and error analyses performed. Kinetics studies were fast with 50% dye being removed
in less than 8 min from a 50 mg L1 dye solution and further, kinetics followed the pseudo second
order. Thermodynamic studies indicated that the biosorption process was both spontaneous and
exothermic. Fourier transform infrared (FT-IR) of ACP before and after MB adsorption was inves-
tigated. It can be concluded that oven dried breadnut peel is a highly promising low-cost biosorbent
with great potential for the removal of MB.
ª 2013 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.748010; fax: +673 2461502.
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Ever since the ﬁrst synthetic dye, Mauveine, ﬁrst appeared in
the market, more and more dyes are being synthesized over
the decades. Today there are over 1 · 105 types of dyes avail-
able and more than 7 · 105 tonnes of dyestuff are annually
produced to provide for the needs of industries, such as textile,
cosmetics, food and paper (Al-Degs et al., 2008). With this
comes an inevitable increase in the amount of dyes being dis-
posed into wastewater or natural ecosystem, thus resulting inier B.V. All rights reserved.
ighly eﬀective low-cost biosorbent for methylene blue: Equilibrium,
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2 L.B.L. Lim et al.serious pollution to the environment. Several methods have
been developed over the years to remove these toxic dyes from
wastewater (Forgacs et al., 2004). Among the methods devel-
oped, one of the best ways to remove toxic dyes is by adsorp-
tion using suitable adsorbents, such as granulated or powdered
activated carbon (Walker and Weatherley, 1997; Ho and
McKay, 2003; Jain et al., 2003; Ahmad and Hameed, 2010).
However, due to the high cost in the production of good qual-
ity activated carbon, attention is being turned to the use of
low-cost biosorbents as viable alternatives (Gupta and Suhas,
2009; Patel, 2012; Waseem et al., 2012).
This research focuses on the use of peel of Artocarpus ca-
mansi Blanco (ACP) to remove methylene blue (MB). A. ca-
mansi is commonly known as breadnut and locally known as
‘‘kemangsi’’ in Brunei Darussalam. It belongs to the genus
Artocarpus of the Moraceae family. In Brunei Darussalam,
the more popular Artocarpus fruits are the jackfruit (Artocar-
pus heterophyllus), tarap (Artocarpus odoratissimus), cempedak
(Artocarpus champeden), breadfruit (Artocarpus altilis) and
nanchem, which is a hybrid of jackfruit and cempedak. Studies
of some of the nutritional values of locally grown Artocarpus
fruits have been reported (Lim et al., 2011; Tang et al.,
2013). Unlike these fruits, A. camansi is less popular among
the Bruneians.
In Brunei Darussalam, A. camansi is usually grown in home
backyards and sold in the local open markets. The edible seeds
are mainly cooked as a vegetable dish or they can be boiled or
roasted and eaten as nuts. The peel and core are inedible and
discarded as waste. To date, there have been limited studies on
the use of Artocarpus waste as low-cost biosorbents. These re-
ports include the use of jackfruit peel, in both its non-activated
and activated forms, for the removal of dyes (Inbaraj and
Sulochana, 2006; Prahas et al., 2008; Hameed, 2009; Foo
and Hameed, 2012a,c) and heavy metals (Inbaraj and Sulocha-
na, 2004), and jackfruit leaf for the adsorption of dyes (Uddin
et al., 2009a,b; Saha et al., 2012). Skin of breadfruit, tarap and
nanchem and also core of tarap have recently been reported
for their use as biosorbents to remove heavy metals Cd(II)
and Cu(II) and toxic dyes (Lim et al., 2012; Lim et al.,
2013a; Lim et al., 2014; Priyantha et al., 2013).
In this study, the aim was to explore the possible use of
breadnut peel as a novel low-cost biosorbent for MB adsorp-
tion. The effects of various experimental parameters, such as
contact time, medium pH, thermodynamics and kinetics were
investigated.2. Materials and methods
2.1. Materials
The fruit samples were purchased from the local open markets
in the Brunei-Muara District of Brunei Darussalam. The peel,
which was separated from the rest of the fruit, was dried in an
oven at 80 C until a constant mass was obtained. Other than
oven drying, there was no pre-treatment of samples by other
physical or chemical means prior to adsorption studies. The
dried sample was then powdered and sieved to obtain the frac-
tion with particle sizes from 355 to 850 lm. To ensure unifor-
mity, the sieved sample was thoroughly mixed prior to using
them for all the experiments in this study. All experiments werePlease cite this article in press as: Lim, L.B.L. et al., Breadnut peel as a h
thermodynamic and kinetic studies. Arabian Journal of Chemistry (201carried out at 298 K, unless otherwise stated, in duplicate/
triplicate.
2.2. Characterization of ACP
Dried ACP sample was analysed for its ﬁbre, fat and protein
contents. The point of zero charge (pHpzc) was determined
by using 0.1 M KNO3 solution and adjusted to the required
pH (2, 4, 6, 8, 10 and 12) by the addition of 0.1 M HNO3
and 0.1 M NaOH. The KNO3 solution (25.0 mL) at different
pHs was added into a ﬂask ﬁlled with pre-weighed ACP
(0.05 g) and agitated on an orbital shaker at 250 rpm for 2 h.
Graph of DpH against pHi (initial pH) was plotted. The point
of zero charge of ACP is the point that passes through the x-
axis. DpH was calculated from the difference between initial
pH and ﬁnal pH of KNO3 solution.
2.3. Chemicals and reagents
A 1000 mg L1 stock solution of MB (Sigma–Aldrich Corpo-
ration) was prepared by dissolving the dye in distilled water.
This stock solution was used to prepare a series of dye concen-
trations ranging from 10 to 1000 mg L1. Solutions of differ-
ent pH were prepared using NaOH and HNO3, both of
which were purchased from Fluka. All chemicals were used
without further puriﬁcation.
2.4. Instrumentation
UV–Vis spectrophotometer (Shimadzu/Model UV-1601PC)
was used for measurement of absorbance of MB solutions at
kmax ¼ 664:4 nm. FT-IR spectrophotometer (Shimadzu Model
IRPrestige-21) was used for absorbance measurements of sol-
ids. Ashing was carried out using Thermolyne 1400 Furnace.
Fats, ﬁbre and protein were analysed using GerhardT Sox-
therm multistate/SX PC, GerhardT Fibretherm FT12 and
GerhardT VAP 50S Nitrogen Protein Analyzer, respectively.
C, H, N and S were analysed in the Elemental Analysis Labo-
ratory at the National University of Singapore. Elements pres-
ent in ACP were determined using X-ray ﬂuorescene (XRF)
PANalytical Axiosmax instrument. Morphological characteris-
tics of the adsorbent surface were carried out using Tescan
Vega XMU Scanning Electron Microscope (SEM). SPI-MOD-
ULE Sputter Coater was used to coat the biosorbent.
2.5. Optimization of parameters
2.5.1. Effect of contact time
The effects of contact (shaking and settling) time were carried
out using ACP:solution in the ratio of 1:500 for 10 mg L1 MB
solution. The shaker was set at 250 rpm at ambient tempera-
ture for different shaking times from 30 to 240 min. To deter-
mine the optimum shaking time, each solution was ﬁltered
after shaking, and the absorbance of the ﬁltrate was deter-
mined using UV–Vis spectrophotometer at the appropriate
kmax value for the determination of the remaining dye content.
To determine the optimum settling time, the sample was sha-
ken in dye solution in the same sample:solution ratio of
1:500 at 250 rpm at ambient temperature for optimum shaking
time. The contents were allowed to settle for different timeighly eﬀective low-cost biosorbent for methylene blue: Equilibrium,
4), http://dx.doi.org/10.1016/j.arabjc.2013.12.018
Figure 1 XRF spectra showing K of ACP before and after
adsorption with MB.
Table 1 General characterization of
ACP.
Characterization Results (%)
Fat 4.0
Fibre 21.2
Protein 7.0
Ash 9.2
CHNS analyses
C 41.1
H 5.2
N 2.0
S <0.5
Table 2 Characterisation of elements
of ACP by XRF.
Elements Result (%)
O 28.7
Mg 2.1
Al 0.1
Si 4.1
P 2.9
S 1.5
Cl 1.9
K 28.6
Ca 17.9
Fe 3.0
Zn 8.3
Rb 0.1
Ru 0.8
Breadnut peel as a highly effective low-cost biosorbent 3periods up to 240 min. Each ﬁltrate was then analysed as de-
scribed earlier.
2.5.2. Effect of pH
The effect of medium pH was carried out by shaking, for an
optimized shaking and settling time, the sample in each dye
solution (10 mg L1) which was adjusted to a range from pH
2.0 to 10.0. Each solution was then ﬁltered and the ﬁltrate
was analysed by UV–Vis spectrophotometer at the appropriate
kmax value.
2.6. Thermodynamic studies
ACP (0.05 g) was mixed with 100 mg L1 MB dye solution
(25.0 mL) and shaken using a water-bath shaker with temper-
ature adjusted to 298, 314, 324, 334 and 344 K at 250 rpm
using predetermined shaking and settling times. The solution
was then ﬁltered and the ﬁltrate was analysed using UV–Vis
spectrophotometer. Thermodynamic parameters, such as
Gibbs free energy (DG), enthalpy (DH) and entropy (DS)
were calculated to investigate the sorption process.
2.7. Effect of ionic strength
ACP (0.05 g) was added to MB dye solution (100 mg L1) and
diluted using KNO3 solution of concentration ranging from
0.001 to 1.0 M. The solutions were shaken to the optimum
shaking and settling times at room temperature on an orbital
shaker at 250 rpm. The ACP/MB dye mixture was separated
and the ﬁltrate was analysed using UV–Vis spectrophotometer
at the appropriate kmax value.
2.8. Isotherm analysis
Each biosorbent in 1:500 solid/solution ratio was treated with
a series of MB concentrations (0–1000 mg L1) and shaken at
250 rpm to the optimum shaking and allowed to settle for the
optimum time period. The solution was ﬁltered, and the ﬁltrate
was analysed using UV–Vis spectrophotometer at the kmax of
664.4 nm.
2.9. Kinetic studies of biosorption
Each biosorbent (0.05 g) was mixed with 50, 500 and
1000 mg L1 of MB solution (25.0 mL), and the suspension
was stirred at 250 rpm at ambient temperature as soon as mix-
ing commenced. Samples were withdrawn at every one minute
intervals until the equilibrium was reached. Each solution was
ﬁltered, and the ﬁltrate was analysed using UV–Vis spectro-
photometer at the appropriate kmax value.
3. Results and discussion
3.1. General characterization of ACP sample
Analysis of ACP for its ﬁbre, fat and protein contents indicates
that approximately 21% of ACP is comprised of ﬁbre (Ta-
ble 1). The high ﬁbre content could prove to be of advantage
in adsorption as ﬁbres have been reported for use as low-cost
biosorbents (Ofomaja, 2007a; Hameed et al., 2008a; MahmoudPlease cite this article in press as: Lim, L.B.L. et al., Breadnut peel as a h
thermodynamic and kinetic studies. Arabian Journal of Chemistry (201et al., 2012). From CHNS analysis, carbon was found to be
approximately 41%.
3.1.1. Analysis of elements by XRF
XRF shows that ACP contains the elements Mg, Al, Si, P, S,
Cl, K, Ca, Fe, Zn, Rb and Ru. Of these, K and Ca were the
two major elements present (Table 2). From Fig. 1, it can be
seen that adsorption of MB on ACP signiﬁcantly reduces bothighly eﬀective low-cost biosorbent for methylene blue: Equilibrium,
4), http://dx.doi.org/10.1016/j.arabjc.2013.12.018
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Figure 2 The point of zero charge of ACP using 0.1 M KNO3
solution.
4 L.B.L. Lim et al.K and Ca i.e., K reduced from 28.6% to 0.6% and Ca was re-
duced from 17.9% to 8.5%, indicating that the sites occupied
by both K+ and Ca2+ were probably being replaced by MB
during the adsorption process.Figure 3A SEM showing (i) ﬁbrous nature of ACP at 238· m
Figure 3B SEM showing (i) rough, porous surface nature of ACP at 1
with MB at 1000· magniﬁcation.
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It can be seen from Fig. 2 that the pHpzc of ACP was at
approximately 4.8 suggesting that the surface charge is zero
at pH = 4.8. This indicates that at pH lower than pHpzc the
surface of adsorbent will be positively charged, and it is nega-
tively charged if the pH is made greater than the pHpzc. The
pHpzc of peel of another Artocarpus genus, jackfruit, was re-
ported to be 3.9 (Uddin et al., 2009a), which is lower than that
of ACP.
3.1.3. SEM analysis of ACP
Fig. 3A and B(i) show the SEM images of ACP before
adsorption with MB and Fig. 3B(ii) shows ACP after adsorp-
tion with 1000 mg L1 MB. From Fig. 3A it can be seen that
the ACP surface consists of strands of ﬁbres which are ran-
domly arranged. Such arrangement is similar to what was re-
ported for carded cotton ﬁbres (Kaewprasit et al., 1998) and
could enhance the accessibility to the dye which can easilyagniﬁcation (ii) scale showing the width of ﬁbrous strands.
000·magniﬁcation before treatment with MB (ii) after adsorption
ighly eﬀective low-cost biosorbent for methylene blue: Equilibrium,
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Figure 5 Effect of settling time on biosorption of MB onto ACP.
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Figure 6 Effect of medium pH on the amount of MB being
removed by ACP.
Table 3 Comparison of the shaking time of selected
biosorbents.
Adsorbent Shaking time (min) References
Artocarpus camansi peel 60 This work
Jackfruit peel 180 Hameed (2009)
Jackfruit leaf 300 Uddin et al. (2009b)
Pineapple stem 90 Hameed et al. (2009)
Coconut bunch waste 300 Hameed et al. (2008c)
Lotus leaf 240 Han et al. (2011)
Pomelo skin 315 Hameed et al. (2008b)
Tea waste 720 Nasuha et al. (2010)
Breadnut peel as a highly effective low-cost biosorbent 5diffuse through the ﬁbres. Apart from these ﬁbres, the surface
is also very rough and uneven in nature, as seen in Fig. 3B(i),
with pores and cavities which provide a large surface area
for the adsorption of MB. This can be conﬁrmed with
Fig. 3B(ii) which shows that on treatment with MB, the surface
roughness changed signiﬁcantly and the pores are packed with
MB after adsorption. The surface becomes smoother due to
decrease in surface heterogeneity and adsorption of MB.
Hence, it can be seen that both the ﬁbrous and porous surface
of ACP could be the reason for its high adsorption capacity for
MB as compared to most low-cost biosorbents reported
(Table 9).
3.1.4. Speciﬁc surface area of ACP
The speciﬁc surface area, S, can be calculated using the follow-
ing equation:
S ¼ qm  AMB NA  10
20
Mr
ð1Þ
where qm is the maximum adsorption capacity (mg g
1), AMB
is the occupied surface area of one molecule of MB which is
taken as 197.2 A˚2 (Graham, 1955), NA is Avogadro’s number
(6.02 · 1023 mol1) and Mr is the molecular weight of MB
(319.85 g mol1). The speciﬁc surface area was calculated to
be 1519 m2 g1. This is higher than phosphoric acid activated
jackfruit peel, another Artocarpus genus, which was reported
to have a surface area of 1261 m2 g1 (Prahas et al., 2008). A
larger surface area will enhance the biosorption efﬁciency of
the biosorbent.
3.2. Optimization of parameters
3.2.1. Effect of contact time
Investigation of the effect of shaking time on the extent of re-
moval of MB shows rapid removal of the dye at initial stages
of contact with the system, reaching equilibrium within 60 min
(Fig. 4). The time taken to reach equilibrium was faster com-
pared to other biosorbents which generally required an opti-
mum shaking time of more than 120 min. Fast equilibrium
adsorption was also reported for jackfruit peel, another species
from the Artocarpus genus (Table 3). A rapid uptake of adsor-
bate by an adsorbent is especially important when applied to
wastewater treatment by means of adsorption which signiﬁes
the efﬁcacy of an adsorbent to be used in wastewater
treatment.0.000
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Figure 4 Effect of shaking time on biosorption of MB onto
ACP.
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system to rest was investigated. Unlike in homogenous sys-
tems, the adsorbates in liquid/solid heterogeneous systems usu-
ally undergo various mass transfer steps, some of which could
be relatively slow. Therefore, it is important to optimize set-
tling time to ensure that the equilibrium is reached. ACP was
found to reach equilibrium within 1 h (Fig. 5). Hence, in order
to ensure that the system reaches full equilibrium, all experi-
ments for adsorption of MB on ACP were carried out with
2 h shaking at 250 rpm followed by 1 h settling time.
3.2.2. Effect of pH
One of the important parameters in biosorption is the effect of
pH. In this study, the effect of pH on adsorption of MB on
ACP was carried out from pH 2 to 10. At ambient pH, under
the conditions employed, 90% MB was adsorbed by ACP
(Fig. 6). As the pH decreases from pH 5 to 2, there was a stea-
dy decrease in the amount of MB being adsorbed. The effectighly eﬀective low-cost biosorbent for methylene blue: Equilibrium,
4), http://dx.doi.org/10.1016/j.arabjc.2013.12.018
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Figure 8 Effect of ionic strength on the removal of MB by ACP.
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Figure 9 Adsorption isotherm of MB on ACP.
Table 4 Thermodynamic parameters for the adsorption of
MB onto ACP at different temperatures.
T (K) DG
(kJ mol1)
DS
(J mol1 K1)
DH
(kJ mol1)
qmax
(mg g1)
298 6.25 64.57 25.44 409.1
314 4.99 362.1
324 4.65 300.9
334 3.82 311.4
344 3.25 310.2
6 L.B.L. Lim et al.was the greatest at pH 2 where a reduction of 40% MB was
observed. This effect was also reported for other low-cost bio-
sorbents such as jackfruit leaf (Uddin et al., 2009b), cedar saw-
dust (Hamdaoui, 2006) and kenaf ﬁbre char (Mahmoud et al.,
2012). MB is a cationic dye and therefore, as the pH decreases,
the surface of the ACP becomes more positively charged which
results in an increase in the electrostatic repulsion between the
positively charged adsorbate and the positively charged MB
cations. At ambient pH or pH > pHpzc the surface of ACP
is expected to be negatively charged, thus favouring adsorption
of cationic MB. According to Fig. 6, there was little effect on
the amount of MB being adsorbed from ambient pH to pH 10.
Hence, the ambient pH was chosen for all the other experi-
ments in this study.
3.3. Thermodynamic parameters
In order to determine whether the biosorption process occurs
spontaneously, the energy and entropy factors were consid-
ered. By plotting ln Kc vs 1/T (Fig. 7), the change in Gibbs free
energy (DG), enthalpy (DH) and entropy (DS) for the bio-
sorption process were determined using Eqs. (2) and (3).
DG
 ¼ RT ln Kc ð2Þ
where DG is the Gibbs free energy (kJ mol1), R is the univer-
sal gas constant (8.314 J mol1 K1), T is the absolute temper-
ature (K) and Kc is the equilibrium constant (Cs/Ce). Cs is the
concentration of the dye on adsorbent (mg L1) and Ce is the
equilibrium concentration of MB (mg L1). The enthalpy
(DH) and entropy (DS) values can be calculated from the
Van’t Hoff equation:
ln Kc ¼ DH

RT
þ DS

R
ð3Þ
Enthalpy and entropy values of MB dye were obtained from
the slope of (DH/R) and intercept (DS/R).
From Table 4, the Gibbs free energy change, DG, was
found to be 6.25 kJ mol1 at 298 K which indicates a favour-
able biosorption process that was spontaneous and exothermic
(DH= 25.44 kJ mol1) over the temperature range from
298 to 344 K. The positive entropy change within the same
temperature range (DS= 64.57 J mol1 K1) suggests that
there would be an afﬁnity of the ACP towards MB. It also sug-
gests a random and disorderly increase at the biosorbent–
adsorbate interface with possible structural changes. It is fur-
ther observed that there is an increase in the negative value0.00
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Figure 7 Van’t Hoff plot of ln Kc vs 1/T for the biosorption of
MB onto ACP at different temperatures.
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sorption process favours lower temperature and this is further
conﬁrmed by the adsorption capacity, qmax, which decreases as
the temperature increases. The same effect has also been previ-
ously reported (Ho and McKay, 1998; Han et al., 2011).
3.4. Effect of ionic strength
Generally, there is a decrease in the removal of MB by ACP
when the ionic strength was increased (Fig. 8). A slight decrease
in the extent of removal of MB was observed when the concen-
tration changed from 0 to 0.001 M KNO3 solution. However,
from 0.001 to 0.01 M, there was a drastic reduction of approxi-
mately 50% followed by a gradual decrease of about 16% from
0.1 to 1.0 MKNO3 solution. This implies that ionic strength has
strong inﬂuence on the adsorption ofMBonACP.Adecrease in
the adsorption indicates that there is electrostatic force of attrac-
tion betweenACPandMB.As the ionic strength increases, there
is a competition between the K+ ions and MB for the sitesighly eﬀective low-cost biosorbent for methylene blue: Equilibrium,
4), http://dx.doi.org/10.1016/j.arabjc.2013.12.018
Table 5 Different isotherm models.
Isotherm model Non-linear Linear Plot
Langmuir (Type I) qe ¼ KLqmaxCe1þKLCe
Ce
qe
¼ 1KLqmax þ
Ce
qmax
Ce
qe
vs Ce
Langmuir (Type II) 1qe
¼ 1qmax þ
1
KLqmaxCe
1
qe
vs 1Ce
Langmuir (Type III) qe ¼  qeKLCe
 
þ qmax qe vs qeCe
Langmuir (Type IV) qeCe ¼ KLqe þ KLqmax
qe
Ce
vs qe
Langmuir (Type V) 1Ce ¼
KLqmax
qe
 KL 1Ce vs 1qe
Freundlich qe ¼ KFC
1
n
e ln qe ¼ 1n ln Ce þ ln KF ln qe vs ln Ce
Temkin qe ¼ RTbT ln ATCe qe ¼ RTbT ln AT þ RTbT
 
ln Ce qe vs ln Ce
Dubinin–Radushkevich (D–R) qe ¼ qmax expðBe2Þ ln qe = ln qmax  Be2 ln qe vs e2
e ¼ RT ln 1þ 1Ce
h i
Sips qe ¼ qmaxKsC
1=n
e
1þKsC1=ne
ln qeqmaxqe
 
¼ 1=n ln Ce þ ln Ks ln qeqmaxqe
 
vs lnCe
Table 6 Error analyses used.
Error Function Abbreviation Expression
Average relative error ARE 100
n
Pn
i¼1
qe;measqe;calc
qe;meas


i
Sum square error EERSQ
Pn
i¼1ðqe;calc  qe;measÞ2i
Sum of absolute error EABS
Pn
i¼1jqe;meas  qe;calcj
Hybrid fractional
error function
HYBRID 100np
Pn
i¼1
ðqe;measqe;calcÞ2
qe;meas
h i
i
Breadnut peel as a highly effective low-cost biosorbent 7available for the sorption process and a reduction in adsorption
was thus observed (Hamdaoui et al., 2008).Table 7 Parameters for Langmuir I–V for adsorption of MB on A
Langmuir R2 qmax KL
I 0.9341 1.2790 0.0121
II 0.9838 0.7240 0.0141
III 0.3439 0.9182 0.0219
IV 0.3439 1.9200 0.0075
V 0.9838 0.6098 0.0164
Table 8 Parameters for different adsorption isotherm models.
Isotherm Parameter
Langmuir qmax (mmol g
1) KL (L mmol
1)
1.279 0.0121
Freundlich KF (mmol g
1) n
0.0193 1.286
Temkin AT (L mmol
1) bT (J mol
1)
0.3331 11241.4
Dubinin–Radushkevich qmax (mmol g
1) B (mmol2 J2)
0.2721 1.00 · 106
Sips qmax (mmol g
1) KS (L mmol
1) n
1.06 0.0283 1.
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Adsorption isotherms, carried out using initial dye concentra-
tions within the range from 0 to 1000 mg L1, were indicative
of the completion of a monolayer by the levelling of the iso-
therm adsorption, thus preventing further adsorption leading
to multilayer coverage (Fig. 9). From the Langmuir isotherm
model (Langmuir, 1916), ﬁve different linearized Langmuir
models (Table 5) were used to determine the best ﬁt. Based
on the regression coefﬁcient, R2, and the error analyses (Ta-
ble 6), it was found that Langmuir I with a plot of Ce/qe vs
Ce gave the best ﬁt (Table 7). The maximum adsorption capac-
ity, qmax, of MB on ACP was found to be 1.28 mmol g
1CP.
ARE EERSQ EABS HYBRID
27.87 0.1860 1.1379 1.8873
314.03 955.75 40.54 7339.21
87.87 5.0787 6.53 44.61
29.03 0.4327 1.69 3.74
118.89 49.36 14.79 385.91
R2 ARE EERSQ EABS HYBRID
0.9341 24.78 0.19 1.14 1.89
0.9102 40.46 2.14 3.31 14.47
0.9334 177.40 1.01 2.29 3.56
0.4230 2555.77 21.70 10.63 4.55
372 0.9741 191.21 0.44 2.70 32.90
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Table 9 Comparison of maximum biosorption capacity for the rem
Adsorbent qma
Artocarpus camansi peel 409
Jackfruit peel:
Oven dried 286
Microwave induced NaOH activation 400
Phosphoric acid activation 280
Jackfruit leaf powder 326
Pineapple stem 119
Coconut husk:
Activated carbon 435
Microwave modiﬁed 418
Cedar sawdust 142
Peat 111
Oil palm ﬁbre:
Oven dried 223
KOH–CO2 activated carbon 204
Microwave activated 313
HCl activated 672
Rejected tea:
Oven dried 147
NaOH modiﬁed 242
Tea waste 85.2
Bamboo charcoal:
Thermal activation 26.5
Microwave 35.3
Base activated 454
Cotton stalk:
Oven dried 147
Sulphuric acid treated 557
Phosphoric acid treated 222
Leaves of Solanum tuberosum 52.6
Stem of Solanum tuberosum 41.6
Activated banana peel 19.7
Pomelo skin:
Oven dried 345
Activated 501
-0.50
0.00
0.50
1.00
1.50
2.00
2.50
0 100 200 300 400 500
q e
(m
m
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)
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Figure 10 Comparison of experimental and calculated adsorp-
tion isotherm of MB onto ACP according to the Langmuir,
Freundlich, Sips and Temkin isotherm models.
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RL, which can be calculated from Eq. (4), for adsorption of
MB onto ACP was 0.076, which indicates that the adsorption
behaviour was favourable for the dye (RL < 1).
RL ¼ 1
1þ KC0 ð4Þ
where C0 is the highest initial concentration of dye (mg L
1), K
is the Langmuir constant (L mmol1). The value RL indicates
the type of the isotherm where RL > 1 is unfavourable,
RL = 1 is linear, 0 < RL < 1 is favourable or RL = 0 is
irreversible.
Apart from the Langmuir isotherm model, four other iso-
therm models (Freundlich (Freundlich, 1906), Temkin (Tem-
kin, 1940), Dubinin–Radushkevich (Dubinin and
Radushkevich, 1947) and Sips (Sips, 1948)) were also used to
analyse the adsorption isotherm. The non-linear and linearized
equations are shown in Table 5 and the results obtained from
all the isotherm models are shown in Table 8 and Fig. 10. The
validity of these models was analysed using four different erroroval of MB on selected biosorbents.
x (mg g
1) References
This work
(Hameed, 2009)
(Foo and Hameed, 2012a)
(Prahas et al., 2008)
(Uddin et al., 2009b)
(Hameed et al., 2009)
(Tan et al., 2008)
(Foo and Hameed, 2012b)
(Hamdaoui, 2006)
(Lim et al., 2013b)
(Ofomaja, 2007a)
(Hameed et al., 2008a)
(Foo and Hameed, 2011a)
(Ofomaja, 2007b)
(Nasuha et al., 2010)
(Nasuha and Hameed, 2011)
(Uddin et al., 2009c)
(Liao et al., 2012)
(Liao et al., 2012)
(Hameed et al., 2007)
(Deng et al., 2011)
(Deng et al., 2011)
(Deng et al., 2011)
(Gupta et al., 2011)
(Gupta et al., 2011)
(Amela et al., 2012)
(Hameed et al., 2008b)
(Foo and Hameed, 2011b)
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Figure 11 Adsorption kinetics of MB on ACP at different dye
concentrations.
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Figure 12 Comparison of experimental and calculated Pseudo
ﬁrst order kinetic models for biosorption of MB onto ACP at
different dye concentrations.
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Figure 13 Comparison of experimental and calculated Pseudo
second order kinetic models for biosorption of MB onto ACP at
different dye concentrations.
Breadnut peel as a highly effective low-cost biosorbent 9analyses, ARE, ERRSQ, EABS and HYBRID, which have
been commonly used in equilibrium isotherm studies (Ho
et al., 2002; Demirbas et al., 2008; Foo and Hameed, 2010;
Chan et al., 2012).
Of all the models employed, the Dubinin–Radushkevich
isotherm model, which does not assume a homogenous surface
or a constant biosorption potential as the Langmuir model
does, is the least ﬁtting with very low R2 of 0.423. Errors are
found to be very high and therefore the simulated isotherm
is not included in Fig. 8. The Temkin isotherm model takes
into account the interaction between the adsorbate and adsor-
bent while the Sips isotherm model is a combination of both
the Langmuir and Freundlich models. Even though both the
Sips and Temkin isotherm models give good R2 (0.9741 and
0.9334 respectively), error analyses show that these models
would not be suitable to describe the adsorption isotherm of
MB on ACP. The Freundlich isotherm model, which assumes
a heterogeneous surface with non-uniform distribution of heat
of adsorption over the surface, also did not correlate to the
experimental data. Hence, of all the various isotherm models
used, only the Langmuir isotherm model, which assumes a
monolayer adsorption that takes place at speciﬁc homogenous
sites, is the most suitable, which gives a good R2 (0.9341) with
the least errors.
Since all experiments were carried out at ambient pH = 6
and the pHpzc of ACP was 4.8, this implies that under the
experimental conditions employed, the surface of ACP is neg-
atively charged. This will therefore enhance electrostatic force
of attraction between the ACP surface and the cationic MB
dye thereby increasing adsorption capacity. This is also further
conﬁrmed by the effect of medium pH where the adsorption
capacity of ACP increased by 50% from pH 2 to ambientTable 10 Kinetic models used for the adsorption of MB onto ACP
Kinetic model Non-linear Linear
Pseudo ﬁrst order
dqt
dt ¼ k1ðqe  qtÞ logðqe  qtÞ ¼ log
Pseudo second order dqtdt ¼ k2ðqe  qtÞ2 tqt ¼
1
k2q2e
þ 1qe t
Intraparticle diﬀusion qt = k3t
1/2 qt = k3t
1/2 + c
Elovich
dqt
dt ¼ aebqt qt ¼ 1b lnðabÞ þ 1b ln
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also contribute to the observation that thermodynamic studies
indicate the reaction to be spontaneous and favourable.
In this study, except for oven drying of ACP at 80 C, no
other pre-treatment of the biosorbent prior to adsorption
was necessary. Many low-cost biosorbents had to be pre-trea-
ted by either acid or base treatment, or by formation of acti-
vated carbon using high temperature or microwave
technology in order to enhance their adsorption capacity.
For example, as seen from Table 9, adsorption of MB with
oven dried jackfruit peel gave a qmax of 286 mg g
1 and the
adsorption capacity was increased to 400 mg g1 when the
jackfruit peel was microwave activated. A high qmax
(409 mg g1) for adsorption of MB by ACP obtained in this.
Plot References
ðqeÞ  k12:303 logðqe  qtÞ vs t Lagergren (1898)
t
qt
vs t Ho and McKay (1999)
qt vs t
1=2 Weber and Morris (1963)
t qt vs ln t Chien and Clayton (1980)
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Figure 14 Comparison of experimental and calculated Weber
Morris Intraparticle Diffusion models for biosorption of MB onto
ACP at different dye concentrations.
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Figure 15 Comparison of experimental and calculated Elovich
models for biosorption of MB onto ACP at different dye
concentrations.
10 L.B.L. Lim et al.study is indicative that ACP exhibits far superior biosorption
capacity than most other biomasses reported (Table 9). There
is a great possibility that this adsorption capacity could be fur-
ther enhanced by activation of ACP.Table 11 Parameters of different kinetic models for adsorption of
Pseudo 1st order qe (mmol g
1) k1 (min
1)
50 ppm 0.0407 0.0544
500 ppm 0.5833 0.0431
1000 ppm 0.5164 0.0332
Pseudo 2nd order qe (mmol g
1) k2 (g mmol
1 min1)
50 ppm 0.0741 2.0741
500 ppm 0.6707 0.0697
1000 ppm 0.7467 0.0969
Intraparticle diﬀusion c k3 (mmol g
1 min0.5)
50 ppm 0.025 0.0056
500 ppm 0.0413 0.0566
1000 ppm 0.1261 0.0597
Elovich a (mmol g1) b (mmol g1)
50 ppm 7.7519 0.0815
500 ppm 70.922 0.0312
1000 ppm 7.2939 0.1555
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Fast biosorption of MB onto ACP was observed when kinetics
studies were carried out using 50, 500 and 1000 mg L1 dye
concentrations (Fig. 11). Kinetic studies with 50 and
500 mg L1 MB showed the time taken for 50% removal of
the dye to be less than 8 and 40 min respectively. In order to
consider the pseudo order kinetics of a chemical reaction, it
is vital that the concentration of one of the reactants be present
in large excess. Hence, the kinetic studies were carried out
using 1000 mg L1 dye concentration.
In order to investigate the mechanism of adsorption of MB
on ACP and to ﬁnd the best model to represent the experimen-
tal data, four kinetic models were used i.e., pseudo ﬁrst order,
pseudo second order, Weber Morris intraparticle diffusion and
Elovich models and their equations are given in Table 10.
With pseudo ﬁrst order kinetics, even though the R2 im-
proves with increasing dye concentration, a comparison of
the calculated amount of MB adsorbed vs the actual experi-
ment data shows that as the concentration increases, pseudo
ﬁrst order kinetics deviates from experimental data and there-
fore it cannot be used as a model in this study (Fig. 12). A sim-
ilar observation was also obtained for the Weber Morris
intraparticle diffusion kinetics model (Fig. 14). Of the four
models, the Elovich model was the most unsuitable, where
the simulated kinetics for all three different dye concentrations
did not correlate with the actual data obtained from experi-
ments (Fig. 15). Under the experimental conditions employed,
adsorption of MB on ACP is found to obey the pseudo second
order kinetics. From Table 11, it can be seen that the pseudo
second order kinetics model gives very good R2 value close
to 1 with least errors for all the three different dye concentra-
tions. Fig. 13 shows that both the experimental and calculated
data correlate very well for all the three different concentra-
tions used in this investigation. Hence, it is concluded that
the sorption of MB on ACP follows the pseudo second order
kinetics.MB on ACP.
R2 ARE EERSQ EABS HYBRID
0.8512 54.30 0.0279 1.0107 1.4432
0.9370 9.00 0.0289 0.8149 0.2888
0.9798 45.22 0.9472 5.7852 7.2732
R2 ARE EERSQ EABS HYBRID
0.9969 6.40 0.0004 0.1031 0.0261
0.9918 5.81 0.0113 0.5249 0.1178
0.9929 7.15 0.0189 0.7001 0.1503
R2 ARE EERSQ EABS HYBRID
0.7133 48.58 0.0249 0.9028 1.2837
0.923 18.82 0.1139 1.7738 1.0399
0.9238 34.06 0.6299 4.5393 4.4836
R2 ARE EERSQ EABS HYBRID
0.9595 280.8 1.0629 5.7498 48.037
0.9140 57.82 1.702 6.8404 12.489
0.9750 16.82 0.1373 2.1252 1.1393
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Figure 16 FT-IR spectra of ACP before (top) and after (bottom) adsorption with 1000 mg L1 MB.
Breadnut peel as a highly effective low-cost biosorbent 113.7. FT-IR of ACP
It can be seen fromFig. 16 that upon adsorption ofMBbyACP,
the broad OH and NH bands at 3395 cm1 was shifted to
3384 cm1. This is indicative of the binding of MB with hydro-
xyl and amino groups. There is a shift in the C‚O of carbonyl
peak from 1737 to 1734 cm1 as well as a more signiﬁcant shift
for the strong C‚O peak of carboxylic acid from 1621 to
1602 cm1. This indicates that carboxyl groups are likely to be
themain group to be involved in bindingwithMB. Since the bio-
sorption was carried out at ambient pH which was higher than
pHpzc, the COOH groups will be deprotonated to form carbox-
ylate ions which would attract the cationic MB.4. Conclusion
In this work, the peel from A. camansi was successfully utilized
as a low-cost biosorbent for the removal of methylene blue
(MB). When compared to most reported biosorbents, the opti-
mum shaking time for this system to reach equilibrium is rela-
tively short. Thermodynamics studies show that the
biosorption process is favourable and spontaneous with max-
imum adsorption capacity at 298 K, and heating is not re-
quired to enhance its absorption capacity. The adsorption
isotherms, corresponding to the Langmuir model, gave maxi-
mum adsorption capacities (qmax) which are far superior to
most biosorbents. This is particularly attractive in real life
applications in that unlike for other biosorbents which have
to be activated in order to enhance biosorption capacity,
A. camansi peel requires little processing, only oven drying,Please cite this article in press as: Lim, L.B.L. et al., Breadnut peel as a h
thermodynamic and kinetic studies. Arabian Journal of Chemistry (201with no pre-treatment of sample. This will be particularly
attractive since it would be more economical compared to
many biosorbents. The kinetic modelling of MB dye was rapid
and follows the pseudo second order kinetic model. Fast kinet-
ics coupled with a high qmax make A. camansi peel attractive
and great advantage in wastewater treatment as it would be
cost effective and energy saving. The adsorption capacity of
this biosorbent could be further enhanced through chemical
modiﬁcation, such as heat and/or chemical treatment.Acknowledgements
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